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Abstract Studies examining resistance training are of
importance given that increasing or maintaining muscle
mass aids in the prevention or attenuation of chronic dis-
ease. Within the literature, it is common practice to
administer a set number of target repetitions to be com-
pleted by all individuals (i.e. 3 sets of 10) while setting the
load relative to each individual’s predetermined strength
level (usually a one-repetition maximum). This is done
under the assumption that all individuals are receiving a
similar stimulus upon completing the protocol, but this
does not take into account individual variability with
regard to how fatiguing the protocol actually is. Another
limitation that exists within the current literature is the
reporting of exercise volume in absolute or relative terms
that are not truly replicable as they are both load-dependent
and will differ based on the number of repetitions indi-
viduals can complete at a given relative load. Given that
the level of fatigue caused by an exercise protocol is a good
indicator of its hypertrophic potential, the most appropriate
way to ensure all individuals are given a common stimulus
is to prescribe exercise to volitional fatigue. While some
authors commonly employ this practice, others still pre-
scribe an arbitrary number of repetitions, which may lead
to unfair comparisons between exercise protocols. The
purpose of this opinion piece is to provide evidence for the
need to standardize studies examining muscle hypertrophy.
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In our opinion, one way in which this can be accomplished
is by prescribing all sets to volitional fatigue.

Key Points

The heterogeneity among resistance training
protocols is problematic given the variability in
repetitions that can be completed at a given relative
intensity.

The hypertrophic potential of resistance training
appears to be related to the fatigability of exercise
and activation of motor units.

Performing exercise to volitional fatigue helps to
ensure all individuals receive a similar stimulus and
will allow for the comparison of other training
variables such as sets, rest, intensity, etc.

1 Introduction

The American College of Sports Medicine (ACSM) and
United States Department of Health and Human Services
(USDHHS) recommend that individuals engage in resis-
tance exercise at least twice per week as part of a com-
prehensive exercise program [1, 2]. Behavioral
engagement in resistance exercise has been shown to
reduce the odds of multimorbidity [3] and premature
mortality [4], which may be attributed to increased muscle
mass aiding in the prevention or attenuation of chronic
diseases such as obesity and type II diabetes [5]. While the
benefits of increasing muscle mass lend to the importance
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of examining the efficacy of different resistance training
protocols, the lack of standardization with respect to the
number of repetitions prescribed makes it difficult to
compare the importance of altering different training
variables across studies (for review see Wernbom et al.
[6]). Even studies administering the same protocol (e.g. 3
sets of 10 repetitions at 70 % one-repetition maximum
[IRM]) across all individuals within a study population
may provide a different stimulus as some individuals may
be able to complete more repetitions at a given relative
load [7, 8]. Given that muscle growth from resistance
training appears to be dependent on increasing muscle
activation through fatiguing protocols [9], a set number of
repetitions may produce differential results within the same
sample of individuals with respect to muscle growth, and
may potentially contribute, in part, to the heterogeneous
response to resistance training [10]. For this reason, no
studies using an arbitrary number of repetitions can truly be
replicated because the results will depend on the ‘en-
durance’ capacity of individuals included within the study
population.

Studies attempting to provide equal stimuli between
protocols attempt to do so by matching exercise volume
expressed in total kilograms [11], but this can be prob-
lematic as the stimulus will differ based on the load being
used. For example, exercising with a 30 or 90 % of 1RM
load to volitional fatigue produced similar increases in
skeletal muscle protein synthesis; however, matching the
total volume produced differential results [12]. This lower
elevation in skeletal muscle protein synthesis from the
30 % 1RM work-matched protocol can likely be attributed
to the stimulus that was incapable of eliciting great enough
fatigue and motor unit recruitment. Therefore, the reduced
muscle activation from insufficient fatigue can explain the
lack of elevation in skeletal muscle protein synthesis. This
is evident in that only those muscle fibers sensing tension
would upregulate the synthesis of new proteins [13], which
demonstrates that exercise protocols can be more appro-
priately compared if they are performed to volitional fati-
gue as opposed to being volume-matched. Indeed,
10 weeks of training to volitional fatigue with 30 or 80 %
IRM loads produced similar increases in knee extensor
muscle size [14] and, similarly, 6 weeks of bench press
exercise performed to volitional fatigue with either 30 or
70 % 1RM elicited similar increases in muscle size of the
pectoralis major and triceps brachii [15]. The idea that
training to volitional fatigue allows for a more appropriate
comparison of different training variables is supported by
the recent meta-analytic studies assessing the importance
of different training variables [16, 17]. The authors do not
include studies that match total exercise volume, but rather
only assess studies that performed exercise to volitional
fatigue, likely because this allows for more appropriate
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comparisons. While this may have been a large reason the
authors were limited to assessing only eight [16] or nine
[17] studies, other meta-analyses do not exclude those not
exercising to volitional fatigue [18], which may be prob-
lematic given the heterogeneity in the protocol itself.

The purpose of this current opinion was to propose a
method to increase the homogeneity of resistance training
protocols that are specifically examining muscle growth.
Muscle strength will not be addressed in this current
opinion because it appears to be primarily driven by the
intensity of exercise [14], and this can easily be standard-
ized by using a relative load across individuals (i.e.
%1RM). Rather than administering an arbitrary number of
repetitions to be completed, we encourage researchers to
administer all sets performed to volitional fatigue to ensure
a more relative stimulus is applied upon the completion of
each set. Additionally, this allows for the reporting of
exercise volume to be expressed in terms of ‘fatiguing sets’
which can be easily replicated, interpreted and compared
across studies when other training variables are controlled
for.

2 Potential Problems with Reporting Volume
in Kilograms

A common way to match the resistance exercise stimulus is
to calculate the total volume of work completed in kilo-
grams (repetitions x load lifted) [11]. Not only does this
method of reporting volume have limitations as it is largely
impacted by the absolute load being lifted, but it also does
not take into account how fatiguing the training stimulus
actually is. A recent study illustrated that bench press
exercise performed at 30 or 75 % of an individual’s 1RM
produced similar increases in muscle size [15], likely due
to the similar levels of fatigue and muscle activation [9].
Simply representing the volume of these protocols in
kilograms would suggest that the protocols differed dras-
tically with regard to the muscle hypertrophic stimulus
received. Given the average bench press 1RM in this study
was approximately 61 kg for the 30 % 1RM condition, and
approximately 51 kg for the 75 % 1RM condition, the
30 % 1RM condition completed approximately 141 repe-
titions to volitional fatigue using an 18.3 kg load for a total
exercise volume of 2580.3 kg per training session, whereas
the 75 % 1RM condition completed approximately 30
repetitions to volitional fatigue using a 38.25 kg load for a
total exercise volume of 1147.5 kg per training session.
Extrapolating this to the total exercise volume over the 18
training sessions performed, the 30 % IRM condition
completed 46,445 kg of exercise, compared with the 75 %
1RM condition, which completed 20,655 kg of exercise.
This would suggest that the low load condition completed a
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224 % greater volume of exercise when, in reality, all
individuals were given a similar relative stimulus. That is,
all individuals performed exercise until they were fatigued
to a point where they could not complete another repeti-
tion. Therefore, in such an instance we would encourage
the author(s) to report the volume as ‘3 sets to volitional
fatigue’ while also reporting the relative load used. This
can then be easily replicated to ensure a common stimulus
as opposed to simply reporting the total load lifted.

3 Potential Problems with Reporting Relative
Volume

In addition to reporting resistance training volume in
absolute kilograms lifted, training volume has also been
expressed in relative terms by using the equation (repeti-
tions X %1RM) [19]. Relative volume has also been used
as a way to equate resistance training stimuli between
groups [19] but this method has its own limitations, and
this is again apparent when examining the results of the
aforementioned study by Ogasawara et al. [15]. The 141
repetitions completed at 30 % 1RM would result in a rel-
ative volume of 42.3 arbitrary units (au), which is nearly
double that of the 22.5 au relative volume that would result
from completing 30 repetitions at 75 % 1RM. Therefore,
even when expressed in relative terms, the total exercise
volume after 18 sessions would still be significantly greater
following training to volitional fatigue at 30 % 1RM
(761.4 au) when compared with 75 % 1RM (405 au). Of
note, this is just one example that was chosen to illustrate
this point. This limitation with reporting relative volume is
commonly observed when comparing low loads and high
loads performed to volitional fatigue, and, as such, other
examples can be found elsewhere [14, 20, 21]. These
studies illustrate that even relative volume is not an
appropriate way to express exercise volume as it is highly
impacted by the relative load lifted (i.e. %1RM). By rep-
resenting volume in sets to fatigue, we can eliminate a
large amount of individual variability by ensuring that all
individuals received a similar relative stimulus. That is, by
reporting the number of times the muscle has been taken to
volitional fatigue, we ensure all individuals complete a
similar protocol while receiving an equally stressful stim-
ulus provided by each set of exercise.

4 Relative Load is Not Always a Fair Stimulus

It has been observed that females are more resistant to
fatigue than males [22], and endurance athletes are more
fatigue-resistant than weight-trained individuals [8]. These
observations can likely be attributed to physiologic

differences, as well as the absolute loads being lifted at
each relative intensity. For example, as the relative load is
decreased, the sex [7] and sport-specific [8] differences in
the time to reach fatigue becomes greater, with females and
endurance athletes fatiguing at a much slower rate. For this
reason, prescribing a certain number of repetitions at a
specific percentage of an individual’s 1RM may produce
differing results from one individual to the next depending
on how fatiguing the exercise is. For example, prescribing
3 sets of 10 repetitions using a 70 % 1RM load may cause
some individuals (particularly those with higher absolute
1RMs or lower muscular endurance) to reach volitional
fatigue, whereas other individuals (particularly those with
lower 1RMs or greater muscular endurance) may complete
all of the prescribed repetitions without much difficulty,
given that they can perform upwards of 30 repetitions at
that relative load [8]. Figure 1 illustrates data obtained
from two studies conducted in our laboratory assessing the
maximum number of repetitions completed by untrained
individuals during elbow flexion exercise with either a
35 % [23] or 70 % [24] 1RM load. Individual variability
clearly illustrates that individuals are not all receiving the
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Fig. 1 Individual variability in repetitions to volitional fatigue for the
elbow flexion exercise at two different relative loads. Circles
represent each individual, with solid lines representing the group
median. Notably, repetitions completed at 35 % 1RM ranged from 18
to 73, and at 70 % ranged from 9 to 18. The repetitions at 35 % [23]
and 70 % [24] were obtained from two previous studies in our
laboratory. /RM one-repetition maximum
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same relative stimulus when an arbitrary number of repe-
titions are prescribed (e.g. 3 sets of 10 repetitions).
Therefore, a certain training protocol may produce con-
flicting results with regard to muscle growth, but this may
be largely related to the number of repetitions that can be
completed at a given relative load. This brings about an
important question as to why investigators take the time to
standardize the load relative to an individual’s 1RM, but
completely disregard differences in muscular endurance by
simply having all individuals perform the same number of
repetitions. While it is common for investigators to match
groups in an attempt to equate for IRM strength, it may be
equally as important to balance groups based on the
strength endurance of the individuals (i.e. repetitions that
can be performed at a set load), particularly when an
arbitrary number of repetitions are prescribed. Further
adding to the need for a more individualized protocol is the
idea that all individuals will recover from exercise at a
different rate, making the repetitions of the subsequent sets
likely to be highly variable as well. Of course, this could
easily be eliminated if exercise is always performed to
volitional fatigue whereby every individual receives a
similar stimulus that brings the muscle to exhaustion ‘x’
amount of times. If sets are not taken to volitional fatigue,
no study can truly be replicated because the stimuli pro-
vided will differ based on the physiology of the inclusive
study population.

5 Increasing the Homogeneity

The benefits of performing all sets to volitional fatigue
allows for the results to be more easily interpreted and
compared across studies. It has been shown that relative
loads between 20 and 90 % 1RM will likely provide a
similar stimulus for muscle growth [12, 14, 25], with both
producing similar increases in types I and II fiber size [14].
While exercise to volitional fatigue with loads under 20 %
or over 90 % 1RM remain less explored, there is likely a
relative loading range in which resistance exercise pro-
duces similar results with regard to muscle growth; how-
ever, the range in which this window extends beneath 20 %
or beyond 90 % 1RM remains unknown. For example, too
high of an exercise load may cause the muscle to fatigue
too quickly, causing an insufficient stimulus for muscle
growth [26] unless a larger number of sets are performed.
Likewise, resistance exercise using very low intensities that
do not fatigue the muscle within approximately 3 min may
provide differential results in the time course of different
protein synthetic subfractions [27]. However, since most
resistance training studies use loads between 30 and 90 %
1RM, administering resistance exercise to volitional fati-
gue would allow for easier cross study comparisons by
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increasing the homogeneity of the exercise stimulus. Even
if loads not falling between 30 and 90 % IRM are used,
this still allows for a more common stimulus to be applied
within the same study population provided the load is high
enough to induce volitional fatigue. Meta-analyses
attempting to assess the importance of various training
variables [6, 18] have been severely limited by the lack of
homogeneity within studies. By taking all sets to volitional
fatigue, we can truly assess the importance of different
training variables as all individuals will receive a similar
stimulus upon the completion of each set of exercise.

6 Physiological Rationale for Providing a More
Homogenous Stimulus

The size principle of Henneman et al. [28] states that motor
units are preferentially recruited so that lower threshold
motor units containing smaller, weaker muscle fibers are
recruited before higher threshold motor units containing
larger, stronger fibers. Higher threshold motor units can be
activated independent of the training load provided the
exercise induces a sufficient level of fatigue to mandate
their activation, and this will subsequently provide a level
of tension capable of inducing muscle hypertrophy across a
greater number of muscle fibers [13]. For this reason,
training to volitional fatigue is not mandatory for muscle
growth, but the magnitude of muscle hypertrophy will
likely be dependent on the number of muscle fibers acti-
vated. While measurable muscle hypertrophy will occur
provided the exercise is taken close enough to volitional
fatigue to activate enough muscle fibers, training to voli-
tional fatigue ensures that individuals activate all muscle
fibers voluntarily possible with resistance exercise. That is,
by prescribing a set number of repetitions, some individ-
uals may not need to activate all muscle fibers because the
exercise can be completed without their contribution, and
these inactive muscle fibers are not exposed to the tension
thought to initiate mechanotransduction-induced muscle
hypertrophy. The similar muscle activation present during
low (30 % 1RM) and high load (70 % 1RM) exercise to
volitional fatigue (97 % vs. 82 %) illustrates that a similar
stimulus is being applied [29]. While there is a slightly
lower muscle activation present during low-load exercise
(15 %), this can likely be attributed to motor unit cycling
whereby the lower loads allow for some motor units to be
cycled on and off to aid in recovery without the need for all
motor units to be activated at once [30].

Interestingly, a recent paper [31] has proposed a similar
idea with respect to creating a more homogenous response
to endurance exercise. It was suggested that part of the
interindividual variability in responses to aerobic exercise
may be due to the prescription of exercise relative to an
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individual’s whole-body aerobic capacity (VO, max),
which does not account for differences in the peripheral
musculature being exercised. The authors propose that
individuals with greater skeletal muscle mass may need to
exercise at a larger percentage of their whole-body VO,
max to see similar local muscle adaptation. Within the
resistance training literature, a similar idea has been pro-
posed in that those with lower absolute strength levels may
be able to complete more repetitions at a given relative
load [32]. Thus, we may need to account for differences in
absolute strength to make the training stimulus equal across
individuals. Fortunately, our proposed method of pre-
scribing all exercise to volitional fatigue provides an easy
way to administer a more uniform stimulus across indi-
viduals at a given load as this would take into account these
differences in strength endurance.

7 Potential Limitations with Using Sets
to Volitional Fatigue

Previous studies have attempted to discourage the use of
resistance exercise performed to volitional fatigue for
several reasons, none of which appear to be supported by
compelling evidence. A decrease in basal insulin-like
growth factor-1 (IGF-1) has been observed following
training to volitional fatigue, and this has been proposed to
be a negative adaptation in response to the higher stress of
training to volitional fatigue [33]. Additionally, it has been
proposed that training to failure can result in a period of
overtraining [34]. However, this hypothesis was made on
the basis that strength plateaued after 5 weeks of training to
volitional fatigue when compared with a periodized pro-
gram that continued to increase strength. These results are
more likely related to the principle of specificity, whereby
the group training to volitional fatigue maintained a con-
stant training load; however, the periodized group began
training at a much higher intensity during the 5-7 week
period when a strength divergence was present. Addition-
ally, it is unlikely that performing 3 sets of an exercise to
volitional fatigue would have drastic effects on overtrain-
ing, given that most protocols eliciting overtraining effects
commonly involve extreme volumes of exercise [35].
Despite these previous observations, training to volitional
fatigue has been repeatedly shown to increase muscle size
[14, 15, 36, 37], refuting the argument that any adverse
hormonal or neural adaptations are limiting muscle growth
during this type of training.

Another argument against the use of training to voli-
tional fatigue is that individuals may prematurely stop short
of fatigue due to the lack of motivation to continue exer-
cise, whereas prescribing a set number of repetitions gives
individuals a goal number of repetitions to complete.

Despite this potential limitation, most individuals will
reach volitional fatigue within approximately 30 repetitions
(approximately 90 s), assuming a load of >30 % 1RM is
used [36]. Furthermore, individuals can be monitored and
motivated to complete as many repetitions as possible, and
this flexibility has benefits over prescribing protocols that
do not allow deviation from a set number of repetitions.
Using standard protocols that prescribe a set number of
repetitions may be disadvantageous given that some indi-
viduals may complete all of the repetitions with ease, and
the standardized protocol cannot be altered to ensure the
individual is given a sufficient stimulus capable of inducing
muscle growth. While the number of repetitions completed
in the latter sets of multiset exercise protocols may differ
based on differences in recovery, we do not feel as though
this produces a differential stimulus as these subsequent
sets will all be taken to volitional fatigue. Therefore, all
individuals will likely be recruiting and loading a large
portion of muscle fibers toward the end of each set, which
would likely provide a similar stimulus for muscle hyper-
trophy [9, 13]. Data from our laboratory examining blood
flow restricted exercise would support this hypothesis as
differences in repetitions toward the latter sets did not
result in differential muscle growth [38]. Furthermore,
different rest intervals have been shown to modify the
protein synthetic response even when all sets are performed
to volitional fatigue [39], which may make it more difficult
to compare studies employing different rest intervals.
Despite this potential limitation, other studies have illus-
trated no differences in muscle hypertrophy with differing
rest intervals [40, 41], and performing exercise to volitional
fatigue would still serve to eliminate the unintentional
variation in fatigue provided by each set of exercise.
Finally, while this current opinion is focused on muscle
hypertrophy, training to volitional fatigue is likely not
necessary for standardization with respect to strength out-
comes as strength appears to be primarily driven by the
intensity and specificity of exercise (i.e. %1RM for a cer-
tain lift) as opposed to the volume completed [14].

8 Conclusions

To administer a more standardized stimulus across all
individuals, and to properly answer questions regarding the
importance of modifying different training variables, it
would be of benefit to conform to a more uniform resis-
tance training protocol. Even when resistance exercise
protocols are prescribed relative to an individual’s 1RM,
the stimulus will differ depending on the individual’s
muscular endurance or absolute load they are capable of
lifting. Therefore, rather than prescribing an arbitrary
number of repetitions to be completed, allowing all
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individuals to exercise to volitional fatigue will ensure a
common stimulus that induces a similar level of fatigue
across all individuals. Both the absolute (repeti-
tions x load) and relative (repetitions x %1RM) loads are
of little meaning as these will produce differential results
among individuals and will differ based on the load used.
Thus, we recommend that researchers report the total
volume of exercise as the number of times the exercise was
performed to volitional fatigue as this stimulus is more
easily replicable. With respect to resistance exercise, there
is a need for a more standardized protocol aimed at
reducing individual variability by prescribing exercise to
volitional fatigue as this will result in a common stimulus
applied to all individuals.

Compliance with Ethical Standards

Funding The authors are not aware of any affiliations, memberships,
funding, or financial holdings that might be perceived as affecting the
objectivity of this manuscript. This article was not supported by any
funding.

Conflict of interest Scott Dankel, Matthew Jessee, Kevin Mattocks,
J. Grant Mouser, Brittany Counts, Samuel Buckner and Jeremy
Loenneke declare that they have no conflicts of interest relevant to the
content of this article.

References

1. 2008 Physical Activity Guidelines for Americans. Available at:
http://www.health.gov/paguidelines/pdf/paguide.pdf. Accessed 4
Aug 2015.

2. American College of Sports Medicine. American College of
Sports Medicine position stand. Progression models in resistance
training for healthy adults. Med Sci Sports Exerc.
2009;41:687-708.

3. Dankel SJ, Loenneke JP, Loprinzi PD. Participation in muscle-
strengthening activities as an alternative method for the preven-
tion of multimorbidity. Prev Med. 2015;81:54-7.

4. Dankel SJ, Loenneke JP, Loprinzi PD. Determining the impor-
tance of meeting muscle-strengthening activity guidelines: is the
behavior or the outcome of the behavior (strength) a more
important determinant of all-cause mortality? Mayo Clin Proc.
2016;91:166-74.

5. Wolfe RR. The underappreciated role of muscle in health and
disease. Am J Clin Nutr. 2006;84:475-82.

6. Wernbom M, Augustsson J, Thomeé R. The influence of frequency,
intensity, volume and mode of strength training on whole muscle
cross-sectional area in humans. Sports Med. 2007;37:225-64.

7. Hunter SK. Sex differences and mechanisms of task-specific
muscle fatigue. Exerc Sport Sci Rev. 2009;37:113-22.

8. Richens B, Cleather DJ. The relationship between the number of
repetitions performed at given intensities is different in endurance
and strength trained athletes. Biol Sport. 2014;31:157-61.

9. Morton RW, McGlory C, Phillips SM. Nutritional interventions
to augment resistance training-induced skeletal muscle hyper-
trophy. Front Physiol. 2015;6:245.

10. Hubal MJ, Gordish-Dressman H, Thompson PD, et al. Variability
in muscle size and strength gain after unilateral resistance train-
ing. Med Sci Sports Exerc. 2005;37:964-72.

@ Springer

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kraft JA, Green JM, Gast TM. Work distribution influences
session ratings of perceived exertion response during resistance
exercise matched for total volume. J Strength Cond Res Natl
Strength Cond Assoc. 2014;28:2042-6.

Burd NA, Mitchell CJ, Churchward-Venne TA, et al. Bigger
weights may not beget bigger muscles: evidence from acute
muscle protein synthetic responses after resistance exercise. Appl
Physiol Nutr Metab. 2012;37:551-4.

Marcotte GR, West DWD, Baar K. The molecular basis for load-
induced skeletal muscle hypertrophy. Calcif Tissue Int.
2015;96:196-210.

Mitchell CJ, Churchward-Venne TA, West DDW, et al. Resis-
tance exercise load does not determine training-mediated hyper-
trophic gains in young men. J Appl Physiol. [Internet]. 2012.
Available at: http:/jap.physiology.org/content/early/2012/04/12/
japplphysiol.00307.2012. Accessed 29 Aug 2015.

Ogasawara R, Loenneke JP, Thiebaud RS, et al. Low-load bench
press training to fatigue results in muscle hypertrophy similar to
high-load bench press training. Int J Clin Med. 2013;4:114-21.
Schoenfeld BJ, Ogborn DI, Krieger JW. Effect of repetition
duration during resistance training on muscle hypertrophy: a
systematic  review and meta-analysis.  Sports  Med.
2015;45:577-85.

Schoenfeld BJ, Wilson JM, Lowery RP, et al. Muscular adapta-
tions in low- versus high-load resistance training: a meta-analy-
sis. Eur J Sport Sci. 2016;16:1-10.

. Krieger JW. Single versus multiple sets of resistance exercise: a

meta-regression. J Strength Cond Res. 2009;23:1890-901.
Klemp A, Dolan C, Quiles JM, et al. Volume-equated high and
low repetition daily undulating programming strategies produce
similar hypertrophy and strength adaptations. Appl Physiol Nutr
Metab. 2016;41(7):699-705.

Burd NA, West DWD, Staples AW, et al. Low-load high volume
resistance exercise stimulates muscle protein synthesis more than
high-load low volume resistance exercise in young men. PloS
One. 2010;5:12033.

Schoenfeld BJ, Peterson MD, Ogborn D, et al. Effects of low- vs.
high-load resistance training on muscle strength and hypertrophy
in well-trained men. J Strength Cond Res. 2015;29:2954-63.
Clark BC, Collier SR, Manini TM, et al. Sex differences in
muscle fatigability and activation patterns of the human quadri-
ceps femoris. Eur J Appl Physiol. 2005;94:196-206.

Counts BR, Buckner SL, Dankel SJ, et al. The acute and chronic
effects of “no load” resistance training. Physiol Behav.
2016;164:345-52.

Dankel SJ, Buckner SL, Jessee MB, et al. Post-exercise blood
flow restriction attenuates muscle hypertrophy. Eur J Appl
Physiol. 2016;116(10):1955-63.

Van Roie E, Delecluse C, Coudyzer W, et al. Strength training at
high versus low external resistance in older adults: effects on
muscle volume, muscle strength, and force—velocity characteris-
tics. Exp Gerontol. 2013;48:1351-61.

Campos GER, Luecke TJ, Wendeln HK, et al. Muscular adap-
tations in response to three different resistance-training regimens:
specificity of repetition maximum training zones. Eur J Appl
Physiol. 2002;88:50-60.

Burd NA, Andrews RJ, West DWD, et al. Muscle time under
tension during resistance exercise stimulates differential muscle
protein sub-fractional synthetic responses in men. J Physiol.
2012;590:351-62.

Henneman E, Somjen G, Carpenter DO. Functional significance
of cell size in spinal motoneurons. J Neurophysiol.
1965;28:560-80.

Loenneke JP, Kim D, Fahs CA, et al. Effects of exercise with and
without different degrees of blood flow restriction on torque and
muscle activation. Muscle Nerve. 2015;51:713-21.


http://www.health.gov/paguidelines/pdf/paguide.pdf
http://jap.physiology.org/content/early/2012/04/12/japplphysiol.00307.2012
http://jap.physiology.org/content/early/2012/04/12/japplphysiol.00307.2012

Training to Fatigue

1027

30.

31.

32.

33.

34.

35.

36.

Vigotsky AD, Beardsley C, Contreras B, et al. Greater elec-
tromyographic responses do not imply greater motor unit
recruitment and “hypertrophic potential” cannot be inferred.
J Strength Cond Res. doi:10.1519/JSC.0000000000001249
(Epub 20 Dec 2015).

McPhee JS, Williams AG, Stewart C, et al. The training stimulus
experienced by the leg muscles during cycling in humans. Exp
Physiol. 2009;94:684-94.

Labarbera KE, Murphy BG, Laroche DP, et al. Sex differences in
blood flow restricted isotonic knee extensions to fatigue. J Sports
Med Phys Fitness. 2013;53:444-52.

Izquierdo M, Ibafez J, Gonzalez-Badillo JJ, et al. Differential
effects of strength training leading to failure versus not to failure
on hormonal responses, strength, and muscle power gains. J Appl
Physiol. 1985;2006(100):1647-56.

Stowers T, McMillan J, Scala D, et al. The short-term effects of
three different strength-power training methods. Natl Strength
Cond Assoc. 1983;5:24.

Fry DAC, Kraemer WJ. Resistance exercise overtraining and
overreaching. Sports Med. 2012;23:106-29.

Fahs CA, Loenneke JP, Thiebaud RS, et al. Muscular adaptations
to fatiguing exercise with and without blood flow restriction. Clin
Physiol Funct Imaging. 2015;35:167-76.

37.

38.

39.

40.

41.

Farup J, de Paoli F, Bjerg K, et al. Blood flow restricted and
traditional resistance training performed to fatigue produce equal
muscle hypertrophy. Scand J Med Sci Sports. 2015;25:754-63.
Counts BR, Dankel SJ, Barnett BE, et al. Influence of relative
blood flow restriction pressure on muscle activation and muscle
adaptation. Muscle Nerve. 2016;53:438-45.

McKendry J, Pérez-Lopez A, McLeod M, et al. Short inter-set
rest blunts resistance exercise-induced increases in myofibrillar
protein synthesis and intracellular signalling in young males. Exp
Physiol. 2016;101:866-82.

Ahtiainen JP, Pakarinen A, Alen M, et al. Short vs. long rest
period between the sets in hypertrophic resistance training:
influence on muscle strength, size, and hormonal adaptations in
trained men. J Strength Cond Res. 2005;19:572-82.

de Souza TP, Jr Fleck SJ, Simao R, et al. Comparison between
constant and decreasing rest intervals: influence on maximal
strength and  hypertrophy. J  Strength Cond Res.
2010;24:1843-50.

@ Springer


http://dx.doi.org/10.1519/JSC.0000000000001249

	Training to Fatigue: The Answer for Standardization When Assessing Muscle Hypertrophy?
	Abstract
	Introduction
	Potential Problems with Reporting Volume in Kilograms
	Potential Problems with Reporting Relative Volume
	Relative Load is Not Always a Fair Stimulus
	Increasing the Homogeneity
	Physiological Rationale for Providing a More Homogenous Stimulus
	Potential Limitations with Using Sets to Volitional Fatigue
	Conclusions
	References




